INTRODUCTION
Intertidal zones are influenced by tidal flooding and ebbing for a period of approximately 12.4 hours (tidal rhythm), and many intertidal animals show a tidal rhythm in their daily activity. Moreover, the rhythms of some species persist even under constant conditions, with these endogenous circatidal rhythms having been most studied in crustaceans (Barnwell 1966; Enright 1972; Akiyama 1995) .
For insects, endogenous tidal rhythms in daily activity have been examined in the following three species. The nocturnal beetle Thalassotrechus barbarae exhibits a diel rhythm of locomotor activity under constant conditions, i.e. a circadian rhythm (a free-running period of 23.9 hours); however, it is more active during the period corresponding to low tide than at other times of night, although this trend disappears after 3 days (Evans 1976) . The salt-marsh collembolan Anurida maritima has a bimodal lunar-day rhythm that persists for at least 4 days under constant conditions (Foster & Moreton 1981) . The larvae of the intertidal tiger beetle Callytron inspecularis show a circatidal rhythm in their burrowplugging activity, although the free-running rhythm disappears after 3 days (Satoh et al. 2006) . However, these observations and experiments have been preliminary in all three studies, and no study has revealed clear circatidal activity rhythms that persist for a long period in insects.
'Mangrove' is a generic term that refers to trees and shrubs common in the intertidal zones of tropical and subtropical areas. Insects on mangrove forest floors must know the time of high tide to escape submergence. Mangrove crickets (Apteronemobius asahinai ) are distributed only on the floors of mangrove forests in China, Southeast Asia, and the Ryukyu archipelago of Japan. Since these common crickets are active during low tide and rest on mangrove stems during high tide, regardless of whether it is day or night, their locomotor activity is expected to show a clear endogenous rhythm synchronized with the tidal cycle (rather than the day-night cycle). In this study, we examined locomotor activity under constant conditions and under a light-dark cycle to determine the endogenous rhythm of the mangrove cricket.
MATERIAL AND METHODS
For experiment 1, 24 adult male crickets were collected from the mangrove forest in Kin, Okinawa Prefecture, Japan (26827 0 N, 127856 0 E), and for experiment 2, 18 adult males were collected from the mangrove forest in Nago, Okinawa (26833 0 N, 12882 0 E). Crickets were individually housed in plastic Petri dish chambers (5 cm in diameter) immediately after collection. An infrared beam (EE SPW-321; Omron, Kyoto, Japan) was passed across each chamber, and the number of times the beam was interrupted was recorded at 6 min intervals on a personal computer. A small piece of dried food made from insect pellet (Oriental Yeast, Tokyo, Japan), agar, sorbic acid and propionic acid was placed at one end of each chamber and a water source was placed at the other end; the food and water were at opposite ends of a line at a diagonal to the infrared beam. The temperature was maintained at 258C, and the photophase was provided by a fluorescent lamp (FL15D; Toshiba, Tokyo, Japan) with an irradiance of approximately 1.4 W m
K2
. Activity recording started on the day following collection. In experiment 1, locomotor activity was recorded under constant darkness (DD) for 25 days and under a 12 L : 12 D cycle (LD) for the subsequent 22 days. The constant darkness was interrupted by turning on a light for approximately 2 hours on the last day of constant darkness to adjust the recording equipment. In experiment 2, locomotor activity was recorded under LD for 14 days and under DD for the subsequent 12 days. Under LD, nine crickets were kept on the lighting schedule with light on at 00.00 hours, and the other nine crickets on the reversed lighting schedule, i.e. light on at 12.00 hours. Rhythmicity was statistically determined via a chi-square periodogram analysis.
RESULTS
Eleven crickets showed a clear bimodal daily activity pattern under DD in experiment 1 ( figure 1a,b) . The activity rhythm consisted of active phases of approximately 10 hours alternating with inactive phases of approximately 2 hours. The free-running period (t) was 12.56G0.13 hours (meanGs.d., nZ11). During the first few days after collection, the active phase coincided with the time of low tide in the field, while the inactive phase coincided with the time of high tide. However, synchronization with the tidal cycle disappeared after the first few days in captivity because the period of the endogenous rhythm was slightly longer than that of the tidal cycle. In addition, intense activity alternating with weak activity was observed in some crickets (figure 1b). Intense activity was always observed during expected night-time for the first week. Seven crickets also showed a bimodal daily pattern, but the rhythm was not as clear ( figure 1c) . No cricket exhibited a unimodal daily pattern, i.e. circadian rhythmicity. The locomotor activity of 6 out of 24 crickets could not be recorded for an adequate period of time owing to technical problems or death of the crickets.
Under the subsequent LD, the endogenous rhythm with a period of approximately half a day did not become entrained to the light-dark cycle; the rhythm was expressed in the scotophase but suppressed in the photophase, and the active phase in the scotophase continued from the active phase in the previous constant darkness, with no phase shift (figure 2a). The maximum Qp value was at 24.0 hours, but many other peaks were also detected in the chi-square periodogram analysis under LD, including approximately 12 hours components. In experiment 2, the activity rhythm under LD was not clear even during the scotophase, but the bimodal daily activity pattern was observed under the subsequent DD ( figure 2b,c) .
The activity was more intense in the active phase continuing from the scotophase than from the photophase of the preceding LD cycle; this indicates the presence of circadian components.
DISCUSSION
Mangrove crickets showed a clear and persistent bimodal daily pattern in their locomotor activity under constant conditions. The period of this free-running rhythm, which was estimated to average 12.6 hours, approximated that of the tidal cycle and the active phase coincided with expected low tide times in the field. This evidence strongly suggests that the endogenous rhythm of mangrove crickets is circatidal. By contrast, bimodal activity rhythms controlled by the circadian clock have been observed in some insects, such as the fly Drosophila melanogaster (Helfrich-Fö rster 2000), the mosquito Aedes aegypti (Taylor & Jones 1969) , the cockroach Leucophaea maderae (Wiedenmann 1980 ) and the burying beetle Nicrophorus quadripunctatus (Nisimura et al. 2005) . However, the endogenous rhythm of the mangrove cricket is obviously not a bimodal circadian rhythm or some modification thereof because this rhythm was not entrained by a light-dark cycle. The exposure to the light-dark cycle did not cause any phase shifts in the rhythm, which continued from the previous constant darkness. We therefore conclude that the endogenous rhythm of the mangrove cricket is a circatidal rhythm. The distinctness and persistence of the circatidal rhythm in mangrove crickets is unique among insects in which circatidal rhythm has been studied. Furthermore, the activity under DD of some crickets was more intense when it corresponded to a night low tide than to a day low tide in experiment 1, and the activity under DD was more intense in the active phase continuing from the scotophase than from the photophase of the preceding artificial light-dark cycles, regardless of its relationship to the solar time in experiment 2. We therefore conclude that a circadian clock still exists in mangrove crickets. Note, however, that this circadian clock does not control the endogenous rhythm, but modifies its intensity by inhibiting activity during daytime. Terrestrial insects in intertidal zones are specialized to avoid drowning during high tides. For example, the beetle Dicheirotrichus gustavi is active only on nights during neap tides, when high tides are so low that its habitat is not submerged, and it remains underground Circatidal rhythm in mangrove cricket A. Satoh et al. 235 all day during spring tides (Treherne & Foster 1977; Foster 1983) . A more accomplished strategy is to develop an endogenous tidal rhythm to synchronize the daily activity with low tides. The endogenous tidal clock in mangrove crickets allows the 'anticipation' of high tide and allows the crickets to move to mangrove stems before inundation. Additionally, this endogenous rhythm appears to be beneficial in predator avoidance-mangrove crickets may need to become inactive during high tide so that they do not jump on the water surface, where they risk both drowning and being caught by fish arriving on the mangrove forest floor with the tide. To obtain these benefits, mangrove crickets must synchronize their endogenous rhythm accurately with the tidal cycle in the field. Endogenous circatidal rhythms are entrained by environmental cues related to the tidal cycle, e.g. periodic changes in water turbulence (Enright 1965; Ehlinger & Tankersley 2006) , hydrostatic pressure (Akiyama 2004 ), inundation (Holmström & Morgan 1983 , salinity ( Taylor & Naylor 1977 ) and temperature ( Naylor 1963) . In addition, moonlight can entrain the circatidal rhythm (Saigusa 1988) . For insects, only Satoh et al. (2006) have demonstrated that the rhythm can be synchronized by cyclic submergence in the case of tiger beetles. Elucidating the zeitgeber of the circatidal rhythm in mangrove crickets is a future research topic.
